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Abstract. This paper presents astudy of a dense molecular region, NGC 1333, and the relationship of the embedded infrared
sources and young stellar objects to the structure of its molecular core. We usc '*CO and C'¥0J=1-»0and)=2-s] observations,
along with those of CS J= 2 -+ 1 to characterize the structure of the core, cal culate densities and masses. We find from our C*O
maps that the core consists of a cavity surrounded by a compressed shell of gas. Many of the infrared and outflow sourcesin NGC
1333 arc located in the cavity and the outflow winds from IRAS2, SSV 13 and several other sous ces appear to be responsible for
creating the cavity and forming the shell. We suggest that sequential star formation is taking place in NGC 1333 with successive
generations of young stellar objects providing the energy to expand the cavity, sweep up the material and compress the shell.

Several massive. (- 20 —40 M) condensations in the shell arc potential sites for the next generation of star formation in NGC
1333.
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NGC 1333

1. Introduction

NGC1333 isacloucl in the Perseus complex with an active star forming core. It contains numerous infrared sources, Herbig-Haro
objects, H,O masers, Ha stars and outflows. In this paper we study the large scale structure of the core using multi-transition
maps of CO isotopes and a single transition of CS (J =2 —1) and discuss the relationship of the embedded stellar objects with

thisstructure.
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[.1..Thc Perseus complex

The Perseus molecular complex is a conglomeration of regions of high visual extinction extending over some 9 by 9 degrees at
a galactic longitude of ~ 160° and latitude ~ --19°. Its high galactic latitude and itsfow I.SKR velocity determined from CO
(Sargent 1979) and 1*CO (Bachiller & Cernicharo 1986) suggest that it is within a few hundred parsecs from the sun although
its exact distance remains somewhat controversial. Most authors agree that the Perseus group is associated with the Per 0B2
association. The question of the distance to the Perseus complex has been debated by severa authors (Borgman and Blaauw
(1964); Strom et al. 1974; Cernicharo et a. 1985). The current consensus is that the Per OB2 association is at 300 pc and the
NGC1333 cloud somewhat farther away. Following Ladd ct al. (1993) we adopt 350 pc as the distance to NGC 1333.

The Perscus complex contains two active sites of star formation, 1C348 and NGC 1333, connceted by achain of colder dark
clouds (e.g. B 1, B 1 E) with strong molecular emission. These two active regions contain newly-formed intermediate-mass stars
of spectral type. B, aswell as a cluster of young stars of lower mass. While the creation of Per OB2 and 1C348 has been more
or less concurrent, they have a common age of afcw million years (Bergman and Blaauw 1964), in NGC 1333 star formation
has taken place only within tbc last 10° years (Sargent 1979). This group of molecular clouds differs in many respects from the
Taurus and Orion clouds. Unlike the Taurus and Auriga clouds, where only 1-Tauri stars are found, young stars with relatively
high luminosity arc associated with the Perseus complex. Furthermore from an infrared study of cmbeddcd young stars, Ladd
et al. (1993) concluded that Perseus differs significantly from Taurus in its concentration of star formation in only two clusters,
NGC1333 and IC 348. Thus, Perscus can perhaps be viewed as a smaller and lcss populous version of 1.1641 (a molecular cloud
associated with the Trapezium cluster and containing Orion) with both isolated and cluster stat formation (1.addet a. 1993). In
addition almost all the Perscus IRAS sources appear to be individual sourceswhilein 1.1641 1RAS sources are associated with
multiple infrared sources and may contain small stellar clusters (Strom et al., 1989). Furthermore early spectral t ypc O stars
which arc usually found in the giant molecular clouds, are not associated with the star formation regions in Perseus.

The whole Perseus complex has been surveyed at low resolution in tHECO J=1-»0 molecular emission line with a
resolution of 2.5" and a sparse. sampling of 10’ (Sargent 1979) and a resolution of 30" (Ungerechts and Thaddeus 1985). Bachiller

and Cernicharo (1986) mapped Perscus 1ACO 3 1— O with 5/ resolution. From star counts Cernicharoct a. (1985) derived a

total mass of gas of 2 x 104 Mg, for the Perseus cloud complex (including both atomic and inolecular gas).

1.2. The NGC 1333 star_formingregion

The NGC1333 star formation region has been extensively studied in the past both in the millimeter and centimeter molecular
lines and in the infrared continuum emission. Lada ct al (1974) derived amass of 10* Mg, withn(Hz) > 104 cm™* and Ty, ~ 20
K over most of the. NGC 1333 core using HCN, CS and NH3 to trace the dense gas. This tempcerature and density agree with
those derived by Schwartz et a. (1978) using alow resolution NH; survey. Schwartz et a. also found that theH,CO and CS 2111111
lines peak at the location of the infrared sources reported by Strom ct al. (1974). NGC 1333 has aso been mapped at moderate
resolution (2.6') by Loren (1976), in theOand*CO J—1-5Ocmissionlines,onagrid with a2’ spacing for the central part,

and with alarger spacing (6') around the center. Loren concluded from the '*CO line shape that star formation in NGC1333
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has been initiated by a cloud-cloud collision followed by collapse. This conclusion was ruled out by Ho and Barrett (1 980) who
used a dlightly higher angular resolution (85") NHz and (23') ‘*CO survey of the cloud to propose an aternative picture of dense
fragments embedded in alower density cloud.

In addition to the near-IR imaging photometry at 1.65 and 2.2 pm by Ladd et al. (1993), infrared surveys of NGC 1333
consist of J, H, K and 1. photometry by Strom et a. (1976) and Aspin et a (1994) and the far-1 R observations of Harvey et a
(1984) and Jennings ct al. (1 987). In NGC 1333, Strom et al. (1976) discovered 25 embedded sources, a number which was raised
recently 10100 (A spin et al. 1994). Some of these embedded sources were also seen at 100 s by Harvey et a. while Jennings
etd. using IRAS CPC observations found five more far-IR sources. NGC 1333 has also been the subject of selected radio and/or
infrared observations devoted to the objects found in the central part of this star-forming cluster: "I-Tauri stars, infrared sources
(SGS 1: Castelaz et a. 1986; IRAS 4: Sandell et a. 1991; SVS 13: Liscauet al. 1992; Bregman et a. 1993) and Herbig-Haro
objects with their exciting sources (HH 4 to HH 18, the most studied being HH 7- 11; see acomplete reference list in Reipurth
1994). Many of these studies concentrate particularly on the HH7-11 spectacular molecular outflow (Snell and Edwards 1981,
Schwartz ct al. 1983; Edwards and Sncll 1984; l.iscau et al. 1988; Lizano et al. 1988; Phillips and Mampaso 1990; Bachiller
and Cernicharo 1990; Dent et a. 1993) driven by the SSV 13 source. Depending on the spatial 1 esclution and on the sensitivity
of the observations the velocity of this outflow was first found to extend fromn -20 to +25 kms- * (Snell and Edwards 1981)
with a momentum, kinetic energy and mass loss ratc of 11Mg K-kms™', 4 x 10®ergs, and & x 10® Mg yr~ ' respectively.
INn1988 Liscau et al. suggested that there was not one but a cluster of outflows which confuses the. identification of the driving
source. In addition recent observations by Lizano et a. (1988) and Bachiller and Cernicharo (1990) showed the presence of a
wc]] collimated extremely high velocity outflow with atermina velocity of 160 kms-!. According to Bachiller and Cernicharo
this fast outflow is accelerated by the jet-like gas emanating from the central source and will undergo braking processes (shocks,
compression) at the interface zone with the ambient cloud. Furthermore, the high velocity, highly collimated outflow produces
the lower velocity, broader outflow seen in **CO.

Here wc will show that these embedded sources and their associated outflows have had a profound effect on the structure
of the core. in NGC 1333. They arc responsible for the generation of alarge bubble (or cavity) with a compressed shell at its
boundary. Several massive clumps in this shell are gravitationally bound and unstable to collapse. and may be the source of the
next generation of young stellar objectsin NGC 1333. Taken ail together the existing IR and outflow sources, the cavity and shell
suggest a history of shock driven sequential star formation that is still ongoing in NGC 1333.

2. Data acquisition

The results presented here arc based on J = 1 ®CO and C'*0and J=2 -+ 1CS observations made with the AT&T Bell
Laboratories 7-meter antennain Holmdel, NJ (hereafter BL), andon J= 2 — 1 *COand C'*0 data obtained with the 2.5 meter
POM-2 telescope located on the Plateau dc Burt in France. The beam of the BL antenna at the J =1 — O CO frequency is about
1W’, somewhat smaller than the 140" POM-2 beam used for the J==2 — 1 observations.

The J=1-> O C'*0 obscrvations were made in winter 1992 and 1993. The J=1-3 O '*CO spectra were extracted from an

unpublished Bell Labs survey of Perseus (.anger and Wilson). The single side band (SSB) system temperatures (including sky
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and forward efficiency corrections) varied from 200 to 400 K depending on elevation and weather conditions. All the }*CO, C**O
and CS spectra were obtained using a frequency switching mode. Additional details on the receiver, calibration and observing
procedures arc given in Bally et a. (1987) and Langer et a. (1989). The spectral resolution of the observations was 50 kHz
(0.14 km S-) for C'*0 and CS, and 100 kHz (0.27 km s-]) fi&O. The. central BS5 position (a(1950) = 3* 41 ‘n 29.0°,
6(1950) = 32°44' 30") was monitored regularly during the observations to check calibration (1.anger et al. 1989). The average
channel to channel rms noiseis 0.3 K for all the observations, except at the center of the C'* O map where wc integrated longer to
obtain 0.15 K. The'*CO map covers 50' x 90" in right ascension (o) and in declination (6) and the C'*0O map covers SO’ x 65'. The
Bell Labs maps arc spatially sampled every 1’ (nearly at the Nyquist sampling rate) and are centered at a(1950) = 3* 25'"56.5,
§(1950) = 31°10’' 14”,and a Vi, = 7 kms™ 1.

The CSJ=2 — 1 map of the NGC1333 cloud was made with the BL 7 meter antennain January 1993 with a1’ sampling. The
spectral resolution of these datais 100 KHz (0.3 km s) and the channel to channel rms noise is about 0.1 K for the central part
and 0.3 K clsewhere. The CS map covers an area of 20° x 50', a lightly smallei area than the C'*O map. These CS observations
serve as ahigh density gas tracer of the internal structure of the cloud.

The CO J= 2 —1chservat ions were made during winter 1993 and 1994 with the POM-2 antenna. General information about
the POM-2 telescope is given in Castets et a. (1988) but a number of changes have been made in the system since then. In 1992
our Schottky barrier diode receiver was replaced by an S1S receiver housed in a closed-loop cryogenerator. This S1S receiver
has excellent performance (T .. (DSB) ~ 70 K) in the range 210-250 GHz. ‘|’ he calibration is achieved by chopping between
two loads at different temperature. During the observations the system tempt] ature varied from 400 to 1200 K corresponding
to awater vapor variation of 0.5 to 3 mm of precipitable water (= = 0.05 to O. 3). The forward and beam efficiencies were also
improve.d since 1988 to 7, = 0.82 and 74, . = 0.68 respectively. The absolute pointing error, cheeked on Jupiter is about 15" and
alwaysless than 20”. All J =2 —1 spectra were obtained using a position switching mode with the reference position equal to
(O', 120') about the NGC 1333 center. The spectral resolution was 156 kHz (0.2 kms- ') for both *CO and the C'*0O observations.
Under these conditions we had an average channel to channel rms noise of 0.3 K for all spectra. The'*COand C*0J=2-—1
maps were observed on a 1.25' grid (Nyquist sampled) and covering an area of 43' x 87" and 25’ x 50", respectively. All molccular
datahave been corrected for atmospheric absorption and for the antenna main beam efficiency and the values for line intensities

given in this paper arc radiation temperature 1.

3. Results

In this section wc present and analyst '8GO,C'*0 and CS maps from which we will derive the overall structure, density and
mass of the NGC 1333 core. First we discuss the integrated intensity maps and then the individual velocity channel maps. Second

wc usc an 1.VG model 1o interpret the CO data and derive physical parameters for the core.

1.1, Spatial Maps
In Fig.1we present th&'CO velocity integrated intensities for the J==1.30and J=2- » 1 transitions. The two '*CO maps

arc very similar in shape anti show that the NGC 1333 cloud has two major features: 1) alarge elliptical core oriented NE-SW
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Fig. 1, Integrated velocity maps for the J=1-+ () (left) and J = 2 —1 (right) transitior!$C6# Theinterva) of mtegration in LSR-velocity
iS4t0 10kms™!. The J= 1 — O was obtained with the AT&T Bell Laboratories 7-meter antennaand the J= 2 -+ 1 with the 2.5 meter POM-2
telescope located on the Platcau de Bure, France. In both maps contours levels range from 1 t0 33.5 Kkms ™ incremented by 2.5 Kkrn s™.
Positional offsets arc in arcminutes relative 10: crioso = 3" 25'" 56.5°, and us0 = 31010’ 14"

along the major axis (diameters of the minor x major axes ~ 17'° x 25 corresponding to the size of the11K.km S * contour)
centered at the position (2, -3'); and 2) an elongated structure to the south, an “elephant trunk” filament, which connects with the

1.1455 cloud (cf. Bachiller and Cernicharo, 1986).

In Fig. 2, we present the C**0 J=1-—0and J= 2 — 1 velocity integrated area maps. In the =1 — O line the C'*0 emission
also tracesthe dliptical core and the filament. However the size of the coreis slightly smaller than the onc delineated in Bco;
it extends from 5’ to-8'in RA and from -15' to 5’ in declination (size ~13’ x 20’). The C'*O core boundary corresponds
roughly to the16 Kkm s contour in the'*CO J= 1 -+ Omap (Fig. 1). Furthermore thisC'*0 core has a very peculiar “C” shaped
appearance, i.€. an aimost circular ring of material with ahole in the middle and at |east three subcores can be distinguished in
this “C” shell. These featurcs arc not seen in the '*CO map and, as will be discussed below, this “C” structure is a projection
of ancarly spherical (or perhaps spherical) shell surrounding a cavity to form a “limb brightened” edge. Almost dl the infrared
sources and Herbig-Haro objects which have been discovered in the NGC 1333 cloud are. associated with or inside this“C”
shaped feature. In particular the SSV13 source and its associated HH7- 11 objects lie in the central hole at the boundary with
the shell, while the red lobe associated with its high velocity outflow fills the cavity. InFig. 2 wc have indicated the position of
these sources (Jennings 1987; Gezariet a. 1993) and traced the blue and red lobes of the outflow observed by Snell and Edwards
(1981). in the C'*0O J=2 - 1linc the emission covers the same area as the J = 1 — O line but with a more patchy appearance due
to the larger spatia resolution, coarser sampling and poorer signal 10 noise of the spectra. The “C” featurein C'*0J=2 —1is

less conspicuous than in C'#0 J=1- () because the opacity of the J=2 -3 1line (721 > 1) is twice that of the J =1-+ 0, although

the three subc.ores and a curved bridge of material which link them can still be seen in the map.
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Fig. 2. Integrated velocity maps for the J= 1 — O (left) and J = 2 — 1 (right) transitions of C'*0. Theinterval of integration in LSR-velocity is
from 4 to 10 km s, The J=1-s O was obtained with the AT& T Bell Laboratories 7-meier antenna and the J= 2 — 1 with the 2.5 meter POM-2

telescope located on the Plateau de Burt, France. In both maps contours levels range from 0.2 to 5 Kkm s ' incremented by 0,4 Kkm s-.
Positional offsets are in arcminutes relativeto the same center asin Fig. 1. Filled circles denote the IRAS sources positions (Jennings et al.
1987) and filled squares the infrared sources with optical counterparts (Strom et a 1976; Gezari et al 1993)

Figure 5 presentsthe CS (3= 2 — 1) integrated intensity map. The CS emission map shows two peaks separated by a hole.
The strongest peak 1o the south-cast coincides with theSSV 13 cluster of sources, situated at the edge of the cavity inside the “C”

feature seen in C'*0, while the second peak corresponds to the northern subcore of this“C” shell. The hole located between the

two peaks coincide with the cavity seen in C'#0.

3.2, Velocity siructure

Apart from the region where the core and the filament merge, all spectra arc coinposed of one velocity component, In the merged
region (situated around -20' in declination) the spectra show a blending of two emission features, one from the core and the other
from the southern filament.

In Fig. 3 wc show tHECO J= 1-0integrated intensity in Tkm s’ ygocity bins. In this figure the difference between
the central velocity of the core and the filament (8 kms- ! for the core and S.5 kms- ! for the filament) makes the spatial and
structural separation between the core and filament even clearer. In the south, emission from the filament is visible mainly from
5to 7kms~!, while in the north thc core is seen from 6 to 10 K(ti& scparation between north and south occurs at the. — 20’

offset in declination). The '* CO J=2 — 1 velocity structure (not shown) is very similar to that of J=1— 0.
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Fig. 3. Channel maps of the NGC1333*C0O J= 1 - 0 emission. The contours arc m steps of 1 K fiom 2 to 16 K, in units of radiation
temperature., averaged over 1kms’ wide channels, centered at Vi, = 4.5, 5.5, 6.5, 7.5, 8.5 and 9.5 kms- ' respectively

TheC'*0 J=1-30 and J= 2— 1 velocity maps, unlike that of '*CO, reveal the internal stiucture of the core. As these two
transitions approximately trace the same gas wc present in Fig. 4 only the J= 1 — O velocity bins because they have better spatial
sampling, higher signa to noise and arc more optically thin. In Fig. 4 the intensity map at the 8-9 km s~ ' velocity interval reveals
an annulus structure, centered at (-2', -2'), with an inner and outer radius equal to 3/ (0.3pc) and €' (0.6pc) respectively. Three
subcores can be seen in this annulus structure at 8-9km s] concentrated in the eastern haf of the annulus. The northern and
southern subcores can be followed up in the 7-8 km s~! map. The cavity which lies between these two subcores is open to the
west and slightly open to the cast in the ambient cloud. In the 6-7 kms~' velocity map the e.astern and southern parts of the
annulus arc still visible while the cavity is opened to the north and west. It can also be seen that the southern filament isconnected
to the annulus at the southern subcore. In the 9-10 kms- ' velocity map the eastern subcore is the only remaining part of the

annulus structure.

The CS(J=2-— 1) velocity emission maps (sce Fig. S) shows tbc presence of two bright spots centered at offset of (O, -5')
and (- 1, 0'). The first onc corresponds to the SSV1 3 cluster of sources and the second one to the internal side of the northern part
of theannulus seenin C'*0. Between these two dense "CS" cores wc sec evidence of the cavity first seenin C'80. ‘I’ he annulus

is also delineated in the 8-9 and 7-8 km s velocity bin intervals where both cores arc visible,
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Fig. 4. Channel maps of the NGC 1333 C*0 J=1-+ 0 emission. The contours arc in steps of 0.15 K from 0.15to 1.65 K, inunits of radiation
temperature, averaged over 1 kms™" wide channels, centered at Vi, = 4.5, 5.5, 6.5, 7.5,8.5 and 9.5 kms ' respectively
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Fig. 5. The top left figure shows theintegrated velocity maps for the J= 2 - 1transition of CS. Theinterval of integration in LSR-velocity is
from 40310 km s’. Contour levels range from 1to 8§ K.kms ™" incremented by 0.5 K km s*. Positional oft’ setsinarcminutes are relative to
the same center asin Fig. 1. Other figures show channel maps of the NGC 1333 CS J= 2 — 1 emission. The contours arc in steps of 0.25 K
from 0.1103.6 K, averaged over 1km s’ wide channels, centered a V., , 5.5, 6.5, 7.5, 8.5 and 9.5 kms- ! respectively

Comparing our CS (J= 2 —1) integrated intensity maps with those obtained by Schwartz et a. (1983)in CS (=3 2) we
sec that the CS (J=3 — 2) coinc.ides with our CS (J=2 1) emission. The only obvious difference is the presence on their
map of athird peak, probably unresolved in our data (the beam is 50" for the observation by Schwartz ct al and 120" for our
observations). Hoand Barrett (1980) mapped NH; emission over 6’ x 8'in NGC 1333, centered in the same region as the CS
and C'*Q emission. The NH5 contour map has the same shape as that of C'#0), suggesting that the “C’’-shell is a region with an
enhanced density (Fig. 9). No NH; was detected in the cavity as defined by our C'80 and CS observations.

All these spatial-velocity features can be explained by the existence of an expanding hollow spherical shell. Onc side of the
shell is closer to the edge of the ambient cloud (to the. west) and may be breaking out to the edge of the denser partof the cloud
(astraced by C'80 anti *CO) into the less dense part of the cloud as traced by ' *CO. A coarsely sampled map (every 4') of '2CO
(Langer private communication) dots not show any opening at the outermost northeastern edge of the molecular cloud. Thus the
expanding cavity has not broken out of the edge of the NGC1333 cloud. This explanation is supported by the'*CO velocity map

a 6-7km s which shows the same opening to the west of the (-2', -2') position.
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3.3. Physical properties from LVG analysis

Here wc use the LVG model described in the appendix of Castets et al. (1990) to derive the C'*0 and '*CO column densities
and H,volume densities of the NGC 1333 cloud. We assumed a spherical geometry and used the CO collision rates of Flower
and Launay (1985) with a Hz ortho-to-para ratio of 0.25. The LV G approximation is better than LTE since it dots not assume
thermalized levels and instead determines the excitation temperatures directly fi om the cliffe.rent transitions.

Asthe NGC 1333 star formation region includes several cmbcddcd stars which heat the gas locally we decided to adopt for
the kinetic temperature a model in which the central part of the cloud and the periphery have different temperatures. The central
region, which includes the HH objects and IR sources, is located between -4" and 10" in RA and between -12' and ¢’ in DEC.
In the core of this region, wc usc a kinetic temperature of 18 K, a value obtained by Lada et al. (1974) from NH; observations.
Outside the core, but still in the direction of the central region, '*CO observations SUggest ajower limit for the kinetic temperature
which is also 18 K. While the relatively high core temperature is naturally due to the heating by the embedded sources, the aso
high envelope temperature is probably duc to the heating by young sources located outside of the cloud. In the periphery of the
cloud, in the absence of cmbcddcd IR sources the temperature drops to standard values appropriate to deep in the interior of a
cloud which is shielded from the intense UV field. Thus C'80 observations have been modeled with T, = 10 K while '*CO,
being optically thick and coming closer to the UV irradiated surface, is slightly warmer. ‘°CO observations in those parts of the
cloud suggest Tki» =13 K which wc adopted to model }*CO.

All the excitation calculations were rnadc with the J= 1 — O dataresampled to the J=: 2 —» 1 resolution. To check the relative
calibration and intensities scales of the BL and POM-2 telescopes and to resainple the J=1+ O and J= 2 — 1 data to the same
spatial and velocity resolution (140" and 0.2 km s” '), wc followed the method described in Caste.ts et al. (1 990) for Orion. The
parameters of each spectrum were anal yzed using a gaussian fit. Most of the C'*0 spectra arc singlc peaked with an average width

of 1.5km s~ ' in the central region and 1Kkms-1;, the periphery. SeverACO spectra had a more complex velocity structure.

However the additional components arc mainly located outside the velocity range of the main peak and have ancgligible arca. The
average linewidth of the '*CO main velocity component arc 2.3 and 1.9 kms- 1inthe central and periphery regions respectively.

The. total *CO and C'®0O column density obtained with the J=1-3 O and J= 2 — 1 transitions using an 1.VG model arc shown
in Fig. 6. In the N(**CO) map the only conspicuous feature corresponds to the central position (8 x 10'°cm2, while in the

N(C'#0) map the highest column densities trace the “C” feature (the annulusisincluded in the 1.5 x 10'* cm2 contour). The

n(H,) values obtained frori CO are more or less homogencous with an average valuc of 1750 cm™3. The LVG calculations
show that! “CO is optically thick almost everywhere (towards the core 710223 and 721 > 6). Thus the derived n(H,) value
corresponds to the mean volume density of the cloud envelope around the C'80 core. In contrast to '*CO, the n(H;) volume
densities obtained from C!'*0 arc very inhomogencous with values varying from3x10* em=*10 5 x 104 cm'3 with an average
value over the core. of 1 x 10* cm3.

We estimated the total cloud mass by summing N(C'#0) and N(**CO) over the area and assuming N(H,) /N(C'#0) = 7 x 10°
and N(H)/N(*C0) =10 (rerking et al. 1982) (corresponding to N(H;)/N('2CO)= 1.4 x 10*and '2C/13C = 70 (Langer and
Penzias 1990)). The whole cloud mass using '*CO is equal to 5300 Mg, for an area of 2900 arcmin®. In the area covered by C'*O

(650 arcmin?) we obtained 2700 and 950 M, from '*CO and C18Q respectively. This latter value of 950 M is very close to the
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valuc derived by Lada et al. (1974) using NH3 observations, but thisis certainly accidental since their mass was derived from a
uniform densit y sphere of 15’ (1.5 pc) diameter while our mass corresponds to n column densit y integrated over an area 4 times

larger.

Fig. 6. Left: *CO column density map of the NGC1333 cloud obtained from the J=1-3 O and J= 2 = I fransitions of 'CO, usina,an LVG
model. Contour corresponding respectively to 3-10'%, 45,10'5, 6, 10"%,810%, 1.15 . 10, 1.610 .2.10'%,3.]0°°4.5. 10'¢,6 .10
and § -10' cm~2. Positional offsets in areminutes arc relative to the same center asin Fig. 1. Right: € O column density map obtained in
the same conditions as the left figure. Contour corresponding respectively to 3. 10,4 1014, 510", 610™, 8.10'4, 110%,1.2510",
1.6-10"%,2.10",2.510" and 3-10" cm-z

4. Discussion

In this section we discuss the properties of the fragments, “C” shell, and cavity and their relationship to the dynamics of the core

of NGC1333. The dynamics is consistent with a picture of sequential and ongoing star formation.

4.1. Fragmentation structure

. . 3 . : ,
As wc can scc on the maps, the fragmentary structure is more pronounced in C' ‘O than |- CO- As the C'®0 data arc optically
thin, they provide a picture of the internal structure anti mass distribution. Here wc identify the individual clumps and fragments
which make up the core structure and estimate their physical propertics. As the spatial and velocity resolutions and sampling arc

better in C'*0 J=1 + 0 than C'*0 J= 2 + 1wc have identified the location and size of the clumps using this transition.
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First wc define the method used to extract the clumps from the C' *O J = 1- + O data cube. The results can change from onc
method to another, especialy for distinguishing between two clumps which are close in velocity and space. We constructed

integrated intensity maps over velocity intervals of 0.5 kms] covering the velocity range 3to 10 kms™!. From these maps, we
identified the intensity peaks which are spatialy separated and greater than three times the noise.. For each peak, wc located its
spatial coordinates a and 8 and wc drew a spatial-velocity map at constant « and 4 to determine the exact position of each clump
and to verify if there was more than onc clump at the same position but at different velocities. To separate two clumps which
arc closc in velocity and space, the minimum between thcm must be sufficiently deep so as not to be confused try random noise
fluctuations. Wc considered that two clumps arc separated if the minimum between them islower than the half intensity of the
smaller peak. Once the position was known, wc determined the velocity width (FWHM) and velocity range (velocity extent over
which wc see the clump as measured near the baseline). For this, we averaged the 9 spectra which include the central position
and the 8§ positions around the maximum. The line width is determined from this average spectrum by fitting a gaussian. In the
case where wc have two clumps, wc fitted a double gaussian, with two different velocities. To determine the velocity range for
simple and complex features wc have used the interval over which the signal is greater than 1 o for a gaussian fit. In the case
of asingle peak feature the velocity range is straightforward to derive from the average spectrum. In the case where we have a
double gaussain tit, wc treat each clump separately, and define the velocity range asthelo limit a high and low velocities for
each gaussian fit. Wc found that this method gives a more precise value for the velocity interval for each clump than using the

spatial-velocity map.

The size of the clump is determined from the integrated intensity map with the area given by tbc contour at half maximum.
Two spatia peaks with the same velocity component and velocity dispersion which arc spatialy closc are considered as separate
clumps unless the integrated intensity drops below 50% of the lower of the two maxima at the point between thcm. Otherwise,
we considered that there is only one. clump whose position is the. center betwecen the two peaks. The size, the velocity dispersion
of the clumps and the spatial and velocit y separation between two clumps arc limited by the spatial (100”) and velocity (O. 14
kms- 1) resolution. The average channel to channel rms noise is another limiting criterion to the detection and separation of

clumps.

After identifying the clumps wc determined their area and mass. Their area A (in arcmin?) is given by the contour at half
maximum. |” hen, the deconvolved mean angular diameter is obtained by assuming that their brightness temperature iS gaussian.
The intrinsic full width half maximum diameter of the clump is obtained by dcconvolving the angular diameter assuming a 100"
FWHP beam and is equal to 0. = \/4.A /7 -1002. We conver( these diameters to parsecs assuming a distance of 350 pc and list
the corresponding radii in table 1.

To derive the clump masses, we sum the N(C'80) column density over the projected arca of the core and convert into
hydrogen mass using the Hz / C'*0 conversion ratio given in section 3. The mass then corrected for the mean mass per particle
(mainly duc to Helium) by a factor of 1.4. Wc calculated the virial mass using the fomula My;r =126 x §v x It (Mac Laren et
al. (19S8)) which assumes a density distribution in 1/72 The virial and luminosity masses arc tabulated in table 1 and plotted in

Fig. 7.
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Table 1. Properties of C'*O clumps

Number [ RA Dec  VLSR A v area R Mass MY,
offsets km sy (km s+ (a}'c_ﬂlin_ﬁ (pc) Mg) (M )
<1 1 -35 5.70 060 12 —018 || 10 82
2 -2 -31 6.20 0.60 23 0.26 || 15 11.8
3 -7 -26 5.90 1.10 48 0.39 || 40 59.5
4 -6.5 -205  6.75 1.25 20 0.24 || 25 472
5 -2 -14 7.08 1.90 26 0,28 || 70 1274
6 -5 -95 6.60 1.05 18 023 || 25 320
7A 105 -135 685 1.00 18 023 || 25 29.0
7B 10s -14 8.20 0,90 125 0.18 || 20 18.4
8 0 -7.0 7.50 1.87 45 0.37 125 163.0
9 7.0 -11.0 754 1.25 25 0.27 || 40 53,2
10A 3.0 -2,0 6.75 1.50 16.5 0.22 || 40 62,4
JOR 2.0 30 8.0 ].36 23 0.26 || -10 60.6
11 1.0 1.0 7.73 1.73 40 0.35 120 132.0
12 35 5.0 7.48 0.80 34 0.32 || 60 25,8
13 -14.0 7.0 7.97 1.00 23 0.26 || 40 328
14 -40 90 7.93 1.00 10 0.16 20 202

*The radius is calculated as mentioned in §4.1and assuming a distance of 350 pe
"The virial massM., is calculated using theformulaM,:, = 126 x év? X K for 1/ density dependence

The total mass of the cloud obtained from C!#0 is 950 Mg, for an area sur veyed of 650 arcmin? (cf Section 3.3). Of these
950 Mg,, wc calculed that 745 M, are in the 16 clumps extracted from our data, covering a surface of 280 arcmin?. This means
that on average the density in the cores is increased by a factor of three. Furthermore inside the elliptical core defined from the
C'80 map, we find 6 clumps out of 16 representing 450 Mg, (60% of the mass of al the clumps) within an area of 140 arcmin?.
This represent an increase in the mean density of afactor of 5in the. clumps compared to the average density of the total core
and a factor of 9 compared to the average density of the gas outside the cores. This latter value is consistent with our estimate of
density from the CS excitation.

In Fig. 8 wc plot the log of the luminosity mass versus the log of the virial mass. We plot the line for Mvir = M}, for
1/r? density dcpendance. For a mass greater than Muir the clumps arc unstable against gravity and should collapse, while for
clumps with 0.5 My < M < Myir the clump is in equilibrium and stable against collapse. Finally for masses less than 0.5 M,
the clumps are unbound and should expand and dissipate. Within the uncertainty of the mass estimate (a factor of 2) and the
uncertainty on the virial mass estimate due to the density profiles, half of the objects appear unstable and will collapse and the

other half appear to be bound but stable. objects.

4.2. Dynamics of the core

As derived in the results section we scc in the central region of our C'*0 and CS maps the presence of a“C” shell and acavit y.
Part of this shell can aso be seen in the NBzmap of Ho and Barrett (1980) (see Fig. 9). This shell isthe location of the three
largest molecular subcores traced by C'*0, several far and near-infarcd sources (Jennings ct a. 1987, Sandell et al. 1991), and
numerous Herbig-Haro objects. Most of the far-IR (JRAS) sources have associated optical or near-IR objects and outflows. The

most conspicuous outflow is the onc originating from the cluster of sources SSV13 situated on the inside of the cavity, with both
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Fig. 7. Position and luminosity masses of the C*O clumps listed in table 1 (masses are proportional to the circle radius) superimposed on the
integrated velocity map for the J=1- 0 transition of C**O (Fig. 2)

Fig, 8. Log of the luminosity mass (M) versus the log of the virial mass (A1wir ). On the same figure we have plotted the line for M., = M,
for Ur* density dependance

high velocity (terminal velocity of 27 kms- '(Sncll and Edwards 1981)) and extremely high velocity outflow (terminal velocity
of 160 km s~ '(Bachiller and Cernicharo 1990)). The direction of this outflow is perpendicular to the side of the cavity and its
redlobe fills almost entirely the cavity while the bluc lobe, which includes the HH7- 11 objects, impact into the surrounding shell

(sce Fig. 9). The kinetic energy associated with this outflow (~ 6 x 10** ergs according to Bachiller and Cernicharo (1990)) is
large enough to have emptied the cavit y of its original mass. A second outflow associated with HH 12 at position (-1', 0’ ) and

driven by the nearby SSV 12 star was discovered by Edwards and Snell (1983j. It is situated in the northern part of the cavity, has
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Fig. 9. Left : Superposition of the NH; map (adapted from Ho and Barrett 1980) and the C*0 J=1—+ O integrated velocity map (limited
to the“C” shell). Wc have superimposed the IRAS infrared sources (filled circles) and the infrared sources with opticalcounterparts (filled
squares). Right : Superposition of the red and bloc lobes of the SSV 13 outflow on the C'*0 J = 1 --—s O integrated velocity map. The position
and direction of the IRAS2,IRAS4,IRAS7 and SSV 12 outflows are also indicated by stars and thick arrows (scc section 4.2). Note that in
IRAS2 two outflows with perpendicular directions have been detected (See section 4.2)

aN-Sdircction with itSred lobe merging to the south into the SSVI 3 red outflow. In addition three other sources with weaker
CO molecular outflows were discovered in this shell (Liscauet a.1988; Aspin and Sandell199 | ). The driving sources for these
outflows arc also situated near the wall of the cavity. Onc of these sources is IRAS2 situated at position (-1', -5.7' ) in our maps.
This source drives two outflows (Sandell et a. 1994): aN-S outflow previously’ discovered by Liscau et a. (1 988) which merges
into the. SSVI 3/HH7-11 outflow and an E-W outflow, perpendicular to the eastern wall of the cavity. which lookslike a molecular
jet. These two outflows have very different dynamical timescales (2.5 x 10°yr for the N-S flow and 6 x 10* yr for the E-W
flow) which Sandell ct a. show to originate from two sources which formed i1 close proximity. Sandellet al. (1994) discovered
a the termination of the young red lobe (to the west of IRAS2) a strong enhancement in the CS J=5 — 4 and methanol lines
proving that this outflow is entering into the much denser gas of the “C” shell. This strong CS emission near IRAS2 explains the
presence Of the very bright CS =2 — 1 spot in our maps. Wc have used the ' SJ =5 -+ 4 from Sandell et a. along with our CS
J=2-31to determine from an 1.VG excitation analysis that the density in this CS spot is greater than afew x 10° cm~. Another
outflow was discovered around IRAS4 (position (2.3, -6.7") in our maps) by Sandell et al.(1993). This outflow is driven by the
1 RASAA source which seens to be the youngest protostar yet found. Finally, the IRAS7 outflow, has been discovered by Liscau
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et al(1988) and fully mapped in CO J=3 - 2 by Sandellet a (1 993). Its direction is also perpendicular to the wall of the cavity.
Of particular interest arc the densest parts of the three subcores seen in the “C” shell. Their luminosity masses determined from
C'®0 arc approximately 50,30 and 40M, (going from north to south) and these are closc to the virial rnasscs of these objects. It

appears very likel y that these three clumps are unstable (or nearly unstable) to gravitational collapse.

Wc have estimated the kinetic energy necessary to remove the material sur rounding the star and compared this result with
the mechanical energy produced by the outflows. Because the outflow has compressed all the material in the “C” shell which
originally existed inside the cavity, the total mass of the “C” shell should represent the mass of the original spherical cloud.
Using the full resolution BL. C*O J= 1 -+ O map wc estimated the C'®0 column density at each point of the “C” shell using the
velocity integrated intensit y of the line together with an excitation temperature estimate.d fron: our VG calculations at lower
resolution. We obtain a total mass of 200 MO. The mean density of the original material was estimated assuming that the initial
volume which contained this mass was ahemisphere with a6’ radius (0.6 pc), leading to n(H,) = 5500 cm~*. Consequently the
original mass inside the cavity (radius ~ 3’ (0.3 pc)), excluding that converted to young steliar object, was 22 M. The energy
to create the cavity, that isto move the material to thc inner edge of the shell is afow 10%* ergs, which is much smaller than the
energy available from the outflows. Because the gas from the cavity has also been accelerated to 6 km s! as estimated from the
velocity measured in the SSV1 3 outflow (Bachiller and Cernicharo 1990), wec would require 8 x 104s ergs to empty the cavity
and accelerate the gas. The presence of al the outflow sources, including SSV13, indicate that the.rc is more than enough energy
to create the cavity, accelerate the gas and compress the shell.

From the properties of the cavity, the C shell and the embedded sources described above wc propose an evolutionary scenario
for the core of NGC 1333, First wc suggest thatSSV 13 was among the first sources to form in the core (according to Bachiller and
Cernicharo (1990) it was formed more than 104 years ago). The outflow from this source would have swept up and compressed
the surrounding material creating a small cavity and initiating a second stage of star formation (1 RAS2,IRAS4) in a compressed
shell. Wc further suggest that the outflow from the second generation of young stellar objects Swept up more material, creating
the larger cavity seen presently and compressing the gas further. The dense clumps seen in the C shell may be the sites for the

next generation of star formation in NGC 1333,

5. Summary

We have mapped the molecular core of NGC 1333 in 1*CO and C'80 11— 0ad J=2-31 and CSJ=2-3 ] to determine its

structural properties and relationship to the embedded young, stellar objects and outfiows. Wc find:

1. The core of NGC1333 as traced by C'80 appears to have a large cavity (radius of 0.3 pc), surrounded by ashell of gas (outer

radius 0.6 pc) which is currently undergoing compression. This shell in projection on the sky has a prominent “C” shape.
2. i seems that the outflow from SSV 13,1RAS2 and IRAS4 arc responsible for creating the cavity and compressing the shell.

3. Thetotal mass of the core as traced by C™* O is 450 M, of which 360 M, isin the shell. Threeto four condcnscd fragments

arc found in this shell having masses in the. range 80-120 Mg, .
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4. The dense massive fragments in the shellare gravitationally unstable to collapse and arc likely sites of the next generation of

star formation in NGC 1333.

5. One of the fragments located in the S-E of the shell is the brightest sourccof CSJ= 2 ---) 1 emission and has strong CS
J=5— 4 cmission. Jtislocated at the position where the bluc outflow lobes of SSV13 and the “young” red lobe of IRAS2
arc impinging on the cavity wall. This fragment may be driven into gravitational collapse by this shock compression.

In conclusion the age of the outflow sources and their location inside a cavity, but close to its wall, suggests that the core of

NGC 1333 may be undergoing sequential star formation driven by winds sweeping up material and shock compressing the gas,
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